Family D DNA polymerase (PolD) is a new type of DNA polymerase possessing polymerization and 3¢±5¢ exonuclease activities. Here we report the characterization of the nuclease activity of PolD from Pyrococcus horikoshii. By site-directed mutagenesis, we veri®ed that the putative Mre11-like nuclease domain in the small subunit (DP1), predicted according to computer analysis and structure inference reported previously, is the catalytic domain. We show that D363, H365 and H454 are the essential residues, while D407, N453, H500, H563 and H565 are critical residues for the activity. We provide experimental evidence demonstrating that manganese, rather than magnesium, is the preferable metal ion for the nuclease activity of PolD. We also show that DP1 alone is insuf®cient to perform full catalysis, which additionally requires the formation of the PolD complex and manganese ion. We found that a 21 amino acid, subunit-interacting peptide of the sequence from cysteine cluster II of the large subunit (DP2) stimulates the exonuclease activity of DP1 and the internal deletion mutants of PolD lacking the 21-aa sequence. This indicates that the putative zinc ®nger motif of the cysteine cluster II is deeply involved in the nucleolytic catalysis.
INTRODUCTION
A number of DNA polymerases possess 3¢±5¢ exonuclease activity in addition to their DNA polymerization activity (1± 4). The 3¢±5¢ exonuclease activity potentially enhances the DNA synthesis ®delity, termed exonucleolytic proofreading (1) . The exonuclease activity is performed either by an exonuclease domain covalently connected with the DNA polymerase domain, such as in DNA polymerase I of Escherichia coli (5), yeast mitochondrial DNA polymerase (6) and numerous family B DNA polymerases including eukaryotic DNA polymerases delta and epsilon (1,7±10); or by an associated subunit, such as in E.coli and Salmonella typhimurium DNA polymerase III holoenzymes (2, 11) . The analysis of the amino acid sequences suggested that most of the polymerase-related 3¢±5¢ exonucleases share conserved motifs, Exo I, Exo II and Exo III, with carboxyl residues composing the catalytic center (12, 13) . Structures of a number of DNA polymerases possessing an exonuclease domain or associated exonuclease subunit have been solved (14±21), showing similar exonuclease topology among family A, B and C DNA polymerases. A two-metal-ion mechanism has been proposed to explain the exonucleolytic process (21±24).
Family D DNA polymerase (PolD) is a new DNA polymerase extensively existing in the Euryarchaeota subdomain of Archaea (25) . The enzyme has strong 3¢±5¢ exonuclease activity in addition to its strong and processive DNA polymerization activity (26±29). Based on the nature of the enzymatic activities, the gene organization in Pyrococcus furiosus, P.horikoshii and P.abyssi, and the ability to interact with multiple proteins related to DNA replication, recombination and repair (30, 31) , PolD was suggested to be the replicase in Euryarchaeota. By site-directed mutagenesis, the C-terminal of the large subunit (DP2) has been identi®ed as the catalytic domain for DNA polymerization (28) . Through analysis of various recombinant terminal truncated proteins of the PolD complex at the small subunit (DP1) or DP2, the regions putatively involved in the subunit interaction (1255± 1332 of DP2, 201±260 and 599±622 of DP1 in P.horikoshii), oligomerization (1±300 of DP2), and regulation of the exonuclease activity (1±200 of DP1) have been found (32) . However, many aspects of the properties of PolD remain to be uncovered, for example, the catalytic domain and catalytic residues for the 3¢±5¢ exonuclease activity, as investigated in the present study, have not been identi®ed.
Although PolD does not contain common motifs of the other DNA polymerase families for the catalytic activities (25) , genome sequence and protein structure analysis indicates that the C-terminal half of DP1 is potentially the catalytic domain for the 3¢±5¢ exonuclease of PolD (33±37). A *To whom correspondence should be addressed. Tel: +81 298 616142; Fax: +81 298 616151; Email: ik-matsui@aist.go.jp comprehensive computer analysis of genome sequences revealed that DP1 shares conserved motifs of a phosphoesterase super-family including archaeal DP1s, the second subunits of eukaryote DNA polymerases alpha, delta and epsilon, Mre11 nuclease subfamily, kidney bean purple acid phosphatase and human calcineurin (33) . The motifs usually contain several putative metal chelating residues, predicted according to the three-dimensional structures of kidney bean purple acid phosphatase (34) , human calcineurin (35, 36) and the catalytic domain of Mre11Pfu, a nuclease from P.furiosus (37) . In the structure of Mre11Pfu, two manganese ions were shown to be octahedrally coordinated by seven conserved residues of the phosphoesterase motifs and by a bridging water molecule (37) . Two additional residues within these motifs were also shown to putatively help the products leaving in the catalysis. It appears that the C-terminal domain of DP1 resembles the nuclease domain of Mre11, however, there has been no experimental evidence to con®rm that the conserved residues are indeed involved in the catalysis in Mre11Pfu and PolD. The roles of these residues have not been de®ned.
The alignment of DP1 with the Mre11 nuclease subfamily is intriguing. In eukaryotes, Mre11, Rad50 and Nbs1 form a complex with multiple functions including dsDNA break repair, generation and processing of meiotic dsDNA breaks, DNA replication and maintenance of the telomere length (38±40). Mre11 has manganese-dependent 3¢±5¢ exonuclease and ssDNA endonuclease activities, Rad50 has an ATPase activity, while the Mre11±Rad50 complex has a helicase activity. The complex is evolutionarily conserved across bacteria (42) , archaea (43, 44) , bacteriophage T4 (41), as well as eukaryotes (38±41). The structural and catalytic similarities between DP1 and Mre11 nuclease, if proved, may suggest an evolutionary conserved link between DNA replication, recombination and repair in Archaea and Eukaryota.
In the present study, we report the construction and analysis of various alanine mutants of PolD from P.horikoshii (PolDPho), at residues in the C-terminal of DP1, presumably involved in the nuclease catalysis. We veri®ed experimentally that PolDPho uses a Mre11-like nuclease domain for the exonuclease activity. We further show that three residues, D363, H365 and H454 in DP1 from P.horikoshii (DP1Pho) are essential residues, while the other ®ve predicted residues D407, N453, H500, H563 and H565 also play important roles. We demonstrated that DP1Pho alone has weak exonuclease activity which could be stimulated by a short peptide from the C-terminal of DP2 from P.horikoshii (DP2Pho) in the presence of manganese. We found that PolDPho prefers manganese for the 3¢±5¢ nuclease activity and possesses manganese-dependent ssDNA endonuclease activity, whose catalytic center is probably the same as that of the exonuclease.
MATERIALS AND METHODS

Chemicals and bacterial strains
The pET15b vector and ultra competent E.coli XL2-Blue MRF' cells were purchased from Stratagene (La Jolla, CA). The pGEMEX-1 vector was purchased from Promega (Madison, WI). Escherichia coli strain BL21-CondonPlus (DE3)-RIL-competent cells were obtained from Stratagene (La Jolla, CA). Deep Vent DNA polymerase was from New England Biolabs (Beverly, MA). Restriction enzymes were purchased from Takara Shuzo (Otsu, Shiga, Japan) and Promega (Madison, WI). The DNA ligation kit was from Takara Shuzo (Otsu, Shiga, Japan), and was used according to the manufacturer's recommendation. Protease inhibitor mixture tablets (EDTA-free) were purchased from Roche Molecular Biochemicals (Mannheim, Germany). The FAMlabeled oligonucleotide was provided by Sawady±Qiagen (Tokyo, Japan). The synthetic polypeptides were provided by Hokkaido System Science Co. (Sapporo, Japan).
Construction of vectors for the expression of sitedirected PolDPho mutants, DP1Pho, DP2Pho and the internal deletion mutants SL(DEL1289±1398) and SL(DEL1299±1308)
Site-directed alanine mutants at residues in the DP1Pho of PolDPho complex were constructed using overlap PCR methods (45) and the co-expression vector pET15b/SL (28, 32) . The upper fragment was ampli®ed using the vectorderived primer pET-SphI (5¢-CAAGGAATGGTGCATGC-AAGGAGATGGC-3¢) (32) and a site-speci®c downstream primer ( Table 1 ). The lower fragment was ampli®ed using a site-speci®c upstream primer (Table 1 ) and the primer pGEMrbs (28, 32) . After ampli®cation by PCR, the full-length fragment was digested with SphI and SacII and cloned back into the pET15b/SL vector digested with SphI and SacII (32) . To construct a vector for DP2Pho, the co-expression vector pET15b/SL was used. The in-frame NdeI site at the C-terminal of DP2Pho was silenced by site-directed mutagenesis (28) . The modi®ed plasmid was digested with NdeI and self-ligated, giving rise to a vector pET15b/L containing the DP2Pho gene only. DNA sequencing was performed to con®rm that no spurious mutations had been introduced during PCR. The construction of expression vectors for DP1Pho (pET15b/S) and internal deletion proteins, SL(DEL1289±1298) and SL(DEL1299±1308) [pET15b/SL(DEL1289±1298) and pET15b/SL(DEL1299±1308)] respectively, has been described elsewhere (28, 32) .
Expression and puri®cation of the enzymes
The co-expression vectors for the protein complexes of the wild-type PolDPho, the internal deletion mutants and sitedirected PolDPho mutants (mutations in DP1Pho of the complexes), and vectors for single subunit DP1Pho and DP2Pho, were transformed into host E.coli BL21-CodonPlus (DE3)-RIL. The transformed cells were grown in 2Q YT medium containing ampicillin (100 mg/l) at 37°C. When the A 600 reached 0.6±1.0, isopropylthio-b-D-galactoside (2 mM) was added to induce the expression of the genes. After being cultured for 4 h at 37°C, the cells were harvested by centrifugation, re-suspended in 50 mM Tris±HCl pH 8.0 containing the protease inhibitor, and disrupted on ice by sonication. The disrupted cells were heated at 85°C for 30 min and centrifuged at 27 000 g for 20 min to remove the cell debris and denatured proteins. The expression of DP1Pho and DP2Pho was checked by SDS±PAGE performed on a 10±15% gradient gel using the Phast system (Amersham Biosciences). Tris±HCl pH 7.0). The dialysate was loaded onto a Hitrap Q column (Amersham Biosciences) which was pre-equilibrated using the FPLC system (Amersham Biosciences). The column was developed with a linear gradient of 0±1000 mM NaCl. Fractions containing the PolDPho were dialysed against buffer A to remove the salt. For further puri®cation, the samples were loaded onto a nickel column (Novagen). After a wash with a buffer containing 20 mM imidazole, the enzymes were eluted with the elution buffer containing 150 mM imidazole. For puri®cation by gel ®ltration, the samples were dialysed with 50 mM Tris±HCl buffer pH 8.0, 200 mM NaCl, concentrated using a micro®lter (Microcon YM-10, Millipore Corp, Beddord, MA), and loaded onto a Hiload Superdex-200 (16/ 60) column (Amersham Biosciences) equilibrated with 50 mM Tris±HCl buffer, 200 mM NaCl pH 8.0. The fraction size was 0.5 ml and the¯ow rate was 0.5 ml/min. The peak fractions were collected and concentrated. The protein content was determined with the protein assay dye reagent (Bio-Rad Lab., CA) using bovine serum albumin as the standard protein.
Preparation of the substrates and the assay of primer extension activity
The primer extension ability was assayed using a substrate of 84mer oligomer whose sequences were taken from M13mp18 ssDNA (5¢-TCCTCTAGAGTCGACCTGCAG-GCATGCAAGCTTGGCACTGGCCGTCCTTTTACAACG-TCGTGACTGGGAAAACCCTGGCGTTAC-3¢, from positions 6254 to 6337) annealed with a 25 mer (5¢-GTAACG-CCAGGGTTTTCCCAGTCAC-3¢, complementary to positions 6337 to 6313 of M13mp18) labeled with FAM at the 5¢ end. To make the 84/25mer and 25/25mer substrates, the labeled primers (500 nM) were mixed with the 84mer or 25mer (5¢-GTGACTGGGAAAACCCTGGCGTTAC-3¢) oligonucleotide (1.0 mM) in 20 ml of buffer (7 mM Tris±HCl pH 8.0, 50 mM NaCl and 7 mM MgCl 2 ). The tube was boiled for 5 min and then cooled gradually to room temperature. The standard polymerization reaction mixture (10 ml) contained 20 mM Tris±HCl (pH 8.8, 25°C), 8 mM MgSO 4 (or MnSO 4 ), 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 0.1% Triton-X 100, 0.25 mM dNTP, 50 or 200 nM labeled substrate as speci®ed and 23 nM enzymes. The reaction was performed at 60°C for 2 min or as speci®ed. After the reaction, 10 ml of stop buffer containing 95% formamide, 10 mM EDTA and 1.0 mg/ml of bromophenol blue was added to the mixture and the tube was heated in boiling water for 5 min. The samples were loaded onto a 15% polyacrylamide gel containing 7 M urea and 1Q TBE buffer (89 mM Tris±HCl, 89 mM boric acid and 2 mM EDTA pH 8.0) and electrophoresed for 1.5 h. Reaction products were visualized using a FluorImager 585 (Amersham Biosciences).
Assay of 3¢±5¢ exonuclease activity
The 25mer ssDNA labeled at the 5¢ end with FAM, 25/25mer dsDNA and the 84/25mer substrate were used for the 3¢±5¢ exonuclease assay. The reaction mixture and procedures used to assay the 3¢±5¢ exonuclease activity of the wild type and the mutants were the same as for the primer extension assay, except that dNTP was not added, and the enzyme amount was 92 nM. The reaction was performed at 60°C for 10 min or as speci®ed. After electrophoresis, the products were visualized and quanti®ed using a FluorImager 585 (Amersham Biosciences).
Assay of the endonuclease activity
Puri®ed enzyme of PolDPho (58 nM) was mixed with 0.5 mg of circular M13mp18 ssDNA or 1.0 mg of circular pUC18 dsDNA in 20 mM Tris±HCl pH 8.8, 8 mM MnSO 4 (or MgSO 4 ), 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 and 0.1% Triton-X 100. The mixture (20 ml) was incubated at 60°C for 60 min or as speci®ed. The reaction was stopped by adding a 1/10 volume of 10Q stop buffer containing 10 mM EDTA and 3% SDS. After puri®cation using the QIAquick mini column (Qiagen), the reaction products were separated on a 0.7% agarose gel containing ethidium bromide and visualized under UV light.
RESULTS
Identi®cation of residues critical for the 3¢±5¢ exonuclease activity
In order to map the catalytic residues for the enzymatic activities, we previously constructed, co-expressed, and (28)]. We were able to obtain puri®ed proteins after heat treatment and using a nickel column. We identi®ed Asp1122 and Asp1124 to be the catalytic residues for DNA polymerization (28) . However, none of the mutant proteins led to complete loss of the 3¢±5¢ activity (data not shown). The results indicated that the residues in DP1Pho and DP2Pho are not directly involved in the catalysis of the 3¢±5¢ nuclease activity.
According to computer analysis and structural prediction, the C-terminal of DP1 contains ®ve Mre11-like nuclease motifs presumably important for catalysis (33, 37) . Within the motifs, seven histidine, aspartic acid and asparagine residues are putatively involved in metal binding, and the remaining two in catalytic assistance (33, 37) . The partial amino sequence alignment of DP1s from four Euryarchaetota species is shown in Figure 1A , and the structure of Mre11 from P.furiosus at the catalytic site is illustrated in Figure 1B . In DP1Pho, the seven possible metal binding residues (shown in red) are D363, H365, D407, N453, H500, H563 and H565, and two putative assistance residues (shown in green) are D410 and H454 respectively (Fig. 1A and B) .
To con®rm if these motifs are functional in PolD or not, these residues together with ®ve other residues (D421, N479, H492, E553 and D557) conserved in DP1s from known Euryarchaeota species (28, 32) were also chosen for the sitedirected mutagenesis (Fig. 1A, Table 1 ). The mutant DP1 and wild-type DP2 were co-expressed using the co-expression vectors as for the wild-type PolD and other mutants (Fig. 1 , Table 1 ) (28, 32) . All the mutant protein complexes were expressed and puri®ed as the wild type with an anion exchange column, a nickel column and a gel ®ltration column after heattreatment at 85°C for 30 min (see Materials and Methods). The SDS±PAGE analysis of representative mutant proteins is shown in Figure 2 . For all the mutants, bands corresponding to the large subunit (DP2) and small subunit (DP1) were present, indicating that the protein complexes were formed after the puri®cation steps, although there was variation in relative band intensity between DP2 and DP1. While the band intensity of D410A, N453A, H454A, N479A, H492A, D557A and H565A was similar to the wild type, there seemed to be more DP1 in D363A, H365A and D407A, but less full DP1 in H500A and H563A than the wild type, and putative degraded bands were observed in H500A and H563 (Fig. 2A) . Presumably, this difference in band patterns was due to variation in the degradation of the DP1 subunit during puri®cation.
The mutants were ®rstly subjected to 3¢±5¢ exonuclease and DNA polymerization analysis using 84/25mer as the substrate and magnesium as the cofactor. All the fourteen mutants showed strong DNA polymerization activity as did the wildtype protein (Fig. 3A and data not shown) . However, we did not detect 3¢±5¢ exonuclease activity for the mutants D363A, H365A, N453A, H454A, H500A and H563A (Fig. 3B) . The mutants D407A and H565A showed activity reduced to~12 and 25% of that of the wild type ( Fig. 3B and C) . D410A ( Fig. 3B and C) and the ®ve remaining mutants, D421A, N479A, H492A, E553A and D557A showed nearly the same activity as the wild-type PolDPho (data not shown). It is interesting that all the mutants (except D410A) at residues predicted to participate in the exonuclease catalysis (Fig. 1B,  Table 1 ) showed a loss (D363A, H365A, N453A, H454A, H500A and H563A) or reduced activity (D407A and H565A), but none of the mutants at residues conserved only in DP1s (D421A, N479A, H492A, E553A and D557A) were affected in the exonuclease activity. This result strongly indicates that the C-terminal Mre11-like domain of DP1Pho is probably directly involved in the 3¢±5¢ exonuclease activity of PolDPho.
D363, H365 and H454 are the essential residues revealed by comparison of the 3¢±5¢ exonuclease activities of the mutants using manganese as the cofactor
To determine the roles of the critical residues, the 3¢±5¢ exonuclease activities of the mutants using manganese were compared. The use of manganese is due to the fact that Mre11 nuclease utilizes manganese as cofactor (37±43). As shown in Figure 4 , the exonuclease activities of the wild type ( Fig. 4A and B) as well as the mutants D407A, D410A and H565A (Fig. 4A) were enhanced, compared with those when magnesium was used ( Fig. 3B and C) . Interestingly, activity was detected in the mutants N453A, H500A and H563A (Fig. 4A) . However, the mutants D363A, H365A and H454A still showed no degradation of the DNA (Fig. 4A) . A similar result was obtained when a 25mer ssDNA was used (data not shown). It seems that the variation of the exonuclease activity of the mutants, particularly in the presence of manganese (Fig. 4) , is not related to the variation of the degradation of the DP1 subunit ( Fig. 2A) . For example, H500A and H563A had more severe degradation than the others, but they had strong activity in the presence of manganese (Fig. 4 ). D363A and D407A had very similar band patterns to each other, but D363A was inactive in the exonuclease activity while D407A was active (Figs 3 and 4) . It is therefore concluded that residues D363, H365 and H454 are essential, while D407, H453, H500, H563 and H565 are important but not essential, and D410 is not a critical residue for exonuclease activity.
Requirement of PolD complex formation for ef®cient catalysis of the 3¢±5¢ endonuclease activity
In order to understand the roles of the subunits for the nuclease catalytic activity of PolD, we used separately expressed and puri®ed DP1Pho and DP2Pho proteins for the analysis (Fig. 2B and C). When magnesium was used, there was no detectable exonuclease activity (Fig. 5, lane 3) for DP1Pho; however, when manganese was used the exonuclease activity was detectable (Fig. 5, lane 2) , although it was much weaker than that of the PolDPho complex in the presence of manganese (Fig. 5, lane 8 and Fig. 4A) or magnesium (Fig. 3) . There was no degradation of DNA by DP2Pho (Fig. 5, lane 5) , indicating that DP2Pho is not directly involved in the exonuclease catalysis. Furthermore, we measured the DNA polymerization activity of each subunit. In the presence of dNTP, DP2Pho was able to synthesize DNA (Fig. 5, lanes 6 and 7) , although the activity was much weaker than that of the PolDPho complex (lanes 9 and 10), while DP1Pho had no DNA polymerization (51) and Raster3D (52) . The residues involved in metal binding are shown in red and those putatively involved in catalytic assistance in green. The bound dAMP is shown in yellow. The residues of Mre11Pfu are labeled together with their corresponding residues of DP1Pho (in brackets). Two manganese ions and a water molecule are shown in blue and cyan respectively. activity (Fig. 5, lane 4) . These results indicate that DP1Pho and DP2Pho are the nuclease and polymerization subunits respectively and that full activities, either the polymerization or the exonuclease, requires the formation of PolDPho complex.
The PolDPho complex has a manganese-dependent ssDNA endonuclease activity whose activity center might be the same as that for the 3¢±5¢ exonuclease Because the Mre11 nuclease has a manganese-dependent ssDNA endonuclease activity, in addition to its 3¢±5¢ exonuclease activity (40, 43) , we then tested if PolDPho has this endonuclease activity as well. As shown in Figure 6A , the wild-type PolDPho was able to degrade circular M13 ssDNA in the presence of manganese. The complex of PolDPho was required for the digestion, since neither DP1Pho nor DP2Pho separately expressed and puri®ed ( Fig. 2B and C) was able to cut M13 ssDNA (data not shown). The wild-type PolDPho was not able to digest pUC18 circular dsDNA (data not shown). It is concluded that the PolDPho complex has a manganese-dependent ssDNA endonuclease activity like the Mre11 nuclease subfamily.
We also checked the ssDNA endonuclease activity of the mutant proteins. As shown in Figure 6B , the mutants D363A, H365A, N453A, H454A and H500A had no detectable activity to digest the M13 ssDNA, D407A and H563A had weak but visible activity, while the mutants D410A and H565A had strong activity. The variation in ssDNA endonuclease activity among the mutants is similar to that of their corresponding 3¢±5¢ activities (Fig. 3) . It seems likely that PolDPho uses the same catalytic center to perform both ssDNA endonuclease and 3¢±5¢ exonuclease activities.
A 21-aa peptide from DP2Pho stimulates the 3¢±5¢ exonuclease activity of DP1Pho
As DP2Pho is apparently involved in the exonuclease activity, it would be interesting if the domain of DP2Pho involved in the 3¢±5¢ exonuclease activity was identi®ed. Previously we found that 1255±1332 of DP2 is the putative region involved in subunit interaction by analysis of truncated mutants (32) . Interestingly, this sequence is the homologus region between PolD and the DNA polymerase epsilon of budding yeast (32) . Within this region, a 21-aa fragment (1290-VKCNTKF-RRPPLDGKCPICGG-1310, pI = 9.82) covering most of the putative zinc ®nger motif (1289-CVKCNTKFRRPPLDG-KCPIC-1308, cysteine cluster II) has further been found to speci®cally interact with the whole and the N-terminal domain (1±200) of DP1Pho by yeast two-hybrid analysis and surface plasmon resonance analysis (X.-F.Tang et al., in preparation). Aparently, the 21-aa peptide is the candidate region which might be involved in the 3¢±5¢ exonuclease activity.
To test this hypothesis, we added the peptide in excess (100, 400 and 800Q the protein in molar ratio) to the reaction mixtures and measured the 3¢±5¢ exonuclease activities (Fig. 7) . A 21-aa control random peptide with a predicted pI of 9.74 (MKEGIPSVARFCLGKTPDRFG) was also used for the analysis. Although there was a slight stimulation of the exonuclease activity of DP1Pho on the addition of the random peptide, there was no apparent response to peptide concentrations (Fig. 7, lanes 1, 4±6) . In contrast, the stimulation of activity by adding the 21-aa DP2Pho-derived peptide to DP1Pho was dramatic and responsive to the peptide amount (Fig. 7, lanes 1±3) . These results show that the region of the cysteine cluster II is directly involved in the exonuclease catalysis, although the mechanism needs to be further investigated.
The 3¢±5¢ exonuclease activity of the internal deletion mutants SL(1299±1308) and SL(1289±1298) is rescued by using manganese ion and enhanced by adding the peptides derived from the cysteine cluster II of DP2Pho
In our previous report, we demonstrated that deletion mutants lacking the 21-aa region, SL(1299±1308) and SL(1289±1298), lost the 3¢±5¢ exonuclease activity when magnesium was used (32) . We tested the effect of manganese ion on the exonuclease activity. As shown in Figure 8 , lanes 2 and 7, the exonuclease activity of SL(1299±1308) and SL(1289± 1298) was dramatically increased by using manganese ion. Furthermore, the DP2Pho-derived peptide was able to stimulate the activity of the deletion mutant SL(1299±1308) in the presence of magnesium (Fig. 8, lanes 1 and 3) or manganese (Fig. 8, lanes 2 and 4) , and SL(1289±1298) in the presence of manganese (Fig. 8, lanes 7 and 8) . However, there was no stimulative effect when the random peptide was added to SL(1299±1308) (Fig. 8, lanes 2 and 6) and SL(1289±1298) (lanes 7 and 9). These results indicate that manganese is able to rescue the activity of the internal deletion mutants, and that the 21-aa DP2Pho-derived peptide is closely related to the 3¢± 5¢ exonuclease activity and plays a stimulating role in the nuclease catalysis.
For a better comparison, a pair of 20-aa peptides were synthesized and used for analysis. One peptide Figure 2 . SDS±PAGE analysis of the representative mutant proteins of the PolDPho complex (A), the small subunit DP1Pho expressed alone (B) and the large subunit DP2Pho (C). The gels (10±15%) were stained with Coomassie Brilliant Blue R-250 after electrophoresis. The protein samples were puri®ed using Hitrap Q, nickel af®nity and Superdex-200 columns as described in the Materials and Methods. The band positions of the full-length of the small subunit (DP1Pho) and the large subunit (DP2Pho) are indicated with arrows. Due to the instability of DP2Pho expressed alone, the upper minor band in panel C corresponds to the full-length polypeptide.
Nucleic Acids
(1289-CVKCNTKFRRPPLDGKCPIC-1308) is derived from the cysteine cluster II, and another (KRCFDLPCPRVTC-KPKCNIG) has the same amino acid composition as the cysteine cluster II-derived 20-aa peptide but has an amino sequence order in random. The cysteine cluster II-derived 20-aa peptide had stimulative effect on the 3¢±5¢ exonuclease activity as the cysteine cluster II-derived 21-aa peptide, but the control 20-aa peptide did not have this effect, the same as the 21-aa random peptide (data not shown). In addition, we found that zinc ion enhanced the activating effect of the cysteine II-derived peptides, although only slightly (data not shown). These results indicate that the region within the cysteine cluster II is involved in the exonuclease catalysis and that the cysteine pairs are probably bound to zinc ion to form a correct conformation for the exonuclease catalysis.
DISCUSSION
The nuclease properties of PolD from P.horikoshii were studied. We have obtained biochemical evidence strongly supporting that the phosphoesterase domain located in the C-terminal of the small subunit of PolD is the catalytic domain responsible for the 3¢±5¢ exonuclease activity previously reported (26±29) and the ssDNA endonuclease activity identi®ed in the present study.
There has been no report about site-directed mutagenesis of the residues in Mre11Pfu (37), however, there have been reports on the site-directed mutagenesis of several other enzymes of the phosphoesterase family (38,46±48), and our results are also in good agreement with these results. In a report on Mre11 of Saccharomyces cerevisiae, an alanine mutant at residue D16 (corresponding to D363 in DP1Pho) was made (38) , and the in vitro exonuclease activity and in vivo phenotypes of the mutant during mitosis were analyzed. The ssDNA endonuclease activity of the D16A mutant was not detectable in the presence of manganese or other divalent cations (Mg 2+ , Ni 2+ , Ca 2+ , Sr 2+ , Co 2+ and Zn 2+ ), and the mutant showed a de®ciency in the repair of DNA damage by methyl methanesulfonate and the maintenance of telomere length (38) . In another report on Mre11 of S.cerevisiae (46), mutant Mre11±58, in which H213 (corresponding to H500 of DP1Pho) was changed to tyrosine, lost the ssDNA endonuclease and dsDNA exonuclease activities. Mre11±58 also showed full sensitivity to methyl methanesulfonate (46) . In still another report on Mre11 of S.cerevisiae (47) , the in vivo effects of the mutant alleles at the conserved motifs I, II, III and V (Fig. 1) were analyzed. The mutants were found to have increased spontaneous mitotic interhomologue recombination, to be sensitive to ionizing radiation, and to be defective in double-stranded DNA break repair. In a report on the mutational analysis of the bacteriophage lambda phosphatase (48) , the asparagine mutants of residues D20, H22, D49, D52 and H76 (corresponding to D363, H365, D407A, D410 and H454 in DP1Pho, respectively) were analyzed. The k cat of  D20N, H22N, D49N and H76N was reduced to 1/4000 or less of that of the wild-type protein, while the k cat of D52N was reduced to only 1/36. Interestingly, the k m of the substrate among the mutants was not changed, but the k m (Mn 2+ ) of D20N, H22N, D49N and H76N increased to at least forty times that of the wild-type enzyme, while k m (Mn 2+ ) of D52N was not changed. The results suggested that all residues, D363, H365, D407 and H454 in DP1Pho (corresponding to D20, H22, D49 and H76 respectively in bacteriophage lambda phosphatase), except D410 in DP1Pho (corresponding to D52 in bacteriophage lambda phosphatase) might be involved in metal binding, not in substrate binding.
Although the nuclease of PolDPho is Mre11-like, the complex formation and manganese ion are needed for the full activities of ssDNA endonuclease and 3¢±5¢ exonuclease of PolDPho. In contrast, for the Mre11±Rad50 complex, Mre11 nuclease domain alone is suf®cient to ful®ll the 3¢±5¢ exonuclease and ssDNA endonuclease activity (37) .
We observed stronger 3¢±5¢ exonuclease activity using manganese than magnesium of the wild-type PolDPho (Fig. 4) . Striking difference was also observed between the use of two metal ions in the measurement of nuclease activity of the alanine mutants at the conserved motifs and the two internal deletion mutants (Figs 3, 4 and 8). Manganese was able to enhance the activity of D407A, D410A and H565A (Figs 3  and 4) , and rescue the activities of N453A, H500A, H563A, SL(DEL1299±1308) and SL(1289±1308) (Figs 3, 4 and 8) . In addition, the ssDNA endonuclease activity was only detected when manganese was used (Fig. 6) . The results strongly suggest that manganese is probably the true metal ion cofactor for the nuclease activity of PolDPho. Then, we compared the DNA polymerization activity of DP2Pho (Fig. 5) and PolD complex (data not shown) using manganese and magnesium, no dramatic difference was observed. It remains unclear whether manganese or magnesium is used for the DNA polymerization in PolDPho. Manganese was not found to be favored in PCR using PolDPho, since the enzyme became unstable when manganese was used as cofactor (data not shown). It might be possible that in PolDPho DNA polymerase uses magnesium while the nuclease utilizes manganese as cofactor for catalysis. If so, it needs to be investigated how the metals are coupled in one molecule.
Perhaps the most interesting result in this study is the ®nding that the 21-aa subunit-interacting peptide directly stimulates the exonuclease catalysis. It is able to enhance the activity of DP1 as a single subunit (Fig. 7) , and the internal deletion mutants SL(DEL1299±1308) and SL(1289±1308) lacking the sequence (Fig. 8) . This sequence contains two cysteine pairs which presumably forms a zinc ®nger motif. It has homology to the C-terminal of yeast DNA polymerase epsilon, which was suggested to be important in cell cycle checkpoint control (49) . In PolD, it was found to interact with DP1 as a whole and its N-terminal 1±200 fragment by yeast two-hybrid system and surface plasmon resonance analysis (X.-F.Tang et al., in preparation). Probably in polymerase epsilon of yeast, the homologous fragment has a similar role to regulate the exonuclease activity, for DNA repair and checkpoint control (49) . It would be interesting if the molecular structure of the 21-mer peptide is solved by NMR.
The ®nding that PolD has a Mre11-like exonuclease domain suggests that DNA polymerization of PolD is perhaps coupled with DNA recombination through the Mre11±Rad50 complex. On the other hand, DP1 was found to interact with Rad51B in P.furiosus (50), therefore, DNA polymerization of PolD may be also linked to Rad51B-mediated recombination.
In conclusion, based on the results in this study, a model concerning the nuclease catalysis of PolDPho is proposed. The catalytic center is formed by the C-terminal Mre11-like domain of DP1Pho. The N-terminal 1±200 of DP1 inhibits the nuclease activity through regulation of DNA binding of the . Stimulation of the exonuclease activity of DP1Pho by the 21-aa peptide derived from the C-terminal of DP2Pho. The substrate used was the 84/25mer dsDNA and the ion was manganese (10 mM). All reactions were performed for 60 min. The numbers 100, 400 and 800 are the molar ratios between the peptide added and the enzyme. Figure 8 . Rescuing of the exonuclease activity of the internal deletion mutants SL(DEL1289±1298) and SL(DEL1299±1308) by adding the 21-aa peptide derived from the C-terminal of DP2Pho. The exonuclease activities with different combinations of proteins, metal ions and peptides were measured. The substrate used was the 84/25mer dsDNA and the ion concentration was 10 mM. All reactions were performed for 60 min. The number 400 is the molar ratio between the peptide added and the enzyme. (32) . The cysteine cluster II is deeply involved in the nuclease activity and plays a stimulatory role in the nuclease catalysis. It is probably that the peptide reduces the inhibitory effect of the N-terminal DP1Pho(1±200) on the catalysis of the C-terminal Mre11 nuclease domain (32) , through direct binding to the N-terminal DP1(1±200).
Manganese is required as a cofactor to coordinate the nuclease catalysis ef®ciently.
